ABSTRACT: T h s study quantifies age-related changes in the vulnerabhty of Atlantic herring Clupea harengus larvae to predation by larger herring through experimental investigations of capture probability in the laboratory and gross vulnerabhty in large enclosures (mesocosms) Seventy-six laboratory predation trials were staged involving larvae averaging 8.6 to 32.0 mm in length (4 to 118 d posthatching). In all, 1067 attacks were observed. The proportion of larvae responding to an attack was constant (6.2 %) for lengths < 26 mm. Responsiveness of larger larvae increased rapidly with length. This was probably due to the functional development of auditory bullae. The proportion of responding larvae that successfully escaped an attack (response effectiveness) increased throughout the larval period, as did predator errors. Increases in responsiveness, response effectiveness, and predator error rate contributed to a decline in capture probability as larvae grew. Nevertheless, in mesocosrns the number of larvae consumed in 8 h by 1 predator increased with larva length, suggesting that encounter rate and possibly attack rate increased with larva length, probably due to increased conspicuousness of larvae.
INTRODUCTION
Larger fishes are capable of exerting high predation pressure on populations of fish larvae (Fuiman & Gamble 1988) . For an individual larva, surviving potential predation mortality requires predator avoidance (minimizing encounters with predators) or predator evasion (minimizing capture success of an attacking predator). Both tactics rely on sensory and motor systems and therefore are expected to be affected by growth, development, and the concurrent changes in the physiological capabilities of larvae.
Vulnerability (V), the probability of being consumed by a predator, can be viewed as the product of 3 component probabilities (modified from O'Bnen 1979):
where PE = probability of an encounter between predator and prey; PA = probability of attack by the predator; and Pc = probability of capture. This definition disregards the trivial mortality due to fatal wounds inflicted by an unsuccessful attack. Such mortality occurred in 1.5% of attacks by 15 to 35 mm cape anchovy Engraulis capensis on smaller conspecifics (Brownell Both development and growth of fish larvae affect the component probabilities of vulnerability. Although these 2 processes are difficult to measure separately, their effects on vulnerability are conceptually distinct. Development of sensory and motor systems during the larval period should decrease vulnerability (Hunter 1981 , Blaxter 1986 ) as a larva becomes better equipped to detect a predator and avoid it (reducing PA) or escape (reducing P c ) Increasing size and the allometric apportionment of growth (Fuiman 1983 ) provides greater power from larger propulsive muscles. Larger size also confers hydrodynamic advantages (Weihs 1980 , Webb & Weihs 1986 ) and limits the number of predators capable of ingesting a larva. Conversely, an older larva is generally more conspicuous by virtue of its size, opacity, and pigmentation. Increased conspicuousness is directly related to encounter probability (Kerfoot 1980 , Endler 1986 ). Larger larvae also have greater food value to predators, however their enhanced evasive ability reduces net profitability.
In summary, vulnerability of larvae to predatory fishes is subject to antagonistic influences attributable to development and growth. An accurate predictive model for age-related changes in vulnerability requires knowledge of the nature and timing of these influences. The present study examines Atlantic herring Clupea harengus larvae as prey of yearling herring. The goal was to quantify relative changes in vulnerability and its components during ontogeny. Attention was focussed on the larvae as prey and experimental conditions were designed to have minimal effect on their behavior.
MATERIALS AND METHODS
Laboratory. Laboratory procedures conducted at the Dunstaffnage Marine Research Laboratory were designed to measure the capture probabilities of herring larvae by a biting fish. Yearling herring was chosen as a convenient model predator. They coincide with, and probably prey upon, herring larvae in the sea. The predators used in laboratory experiments ranged from 6.6 to 8.4 cm in length in 1986 and 8.1 to 10.4 cm in 1987.
To obtain larvae, gonads were taken from ripe adults collected in 1986 and 1987 on Ballantrae Bank in the Firth of Clyde, off the west coast of Scotland. Eggs were artifically fertilized in the laboratory and dispersed among 3 rearing tanks supplied with filtered flowthrough circulation. Water temperature in the rearing tanks varied with that of the sea, from about 7 to 14 "C between April and July. Fluorescent lights provided an intensity of 100 lux at the water surface from natural dawn to dusk daily. When larvae had absorbed nearly all yolk they were fed daily on Artemia sp. nauplii supplemented with natural zooplankton once daily. Larvae to be used as prey were taken from these rearing tanks.
Experiments were conducted in a n air-conditioned room maintained at 8 "C. Trials were conducted at 2 temperatures: 8 and 15 "C in 1986, 8 and 11 "C in 1987 . Stock and trial tanks were maintained at these temperatures with immersed heaters. Fluorescent lights provided an intensity of 150 lux at the water surface from 06:OO to 20:OO h daily. Two predators resided in each of two 76 cm diameter circular black trial tanks, each tank filled to a depth of 18 cm. Predators from the stock tanks were used to replace the few individuals that became ill or died. Predators in the trial tanks were given pelleted food every other day between trlals but not during the 2 d preceding a trial. Although some of the predators became 'trained' to the experimental cond~tions, there were no measurable changes in attack behavior that could be thought to affect the evasive behavior of older, yet naive larvae.
Predation trials were always conducted between 15:30 and 17:OO h. Trials were on closely spaced days during the first 60 d of the larval p e r~o d coinciding with a time of rapid morphological development. The interval between trials was expanded for older larvae. For each predation trial a 45 cm plastic disc covered w~t h retroreflective matenal (Scotchlite) was placed on the bottom of each trial tank. An opaque plastic pipe (10 cm diameter X 20 cm high) was centered on each disk and usually 50 larvae placed within each pipe. When larvae grew to about 20 mm in length, 20 or fewer individuals were used. These were left undisturbed (except for a feeding of Artemia on the day preceding experimentation) for 2 d to allow thermal acclimation. Trials began by lifting the pipe vertically, exposing the larvae to the predators.
A video camera mounted above the tank recorded subsequent predation events reflected in a semisilvered mirror. A 15 W xenon strobe shone through the mirror. Its light was reflected directly back from the disk providing silhouette images of the predators and prey at 20 ms intervals. Light intensity at the water surface during predation bouts was 95 lux.
Observations made during field-by-field playback of the video tapes included the occurrence of: an attack by the predator, a response by the prey, and a capture by the predator. An attack occurred when a predator accelerated toward, and attempted to consume, a larva which lay directly ahead. Only responses of larvae following the onset of an attack and characterized by rapid acceleration, including an initial 'C' or 'S' posture were counted. These were deemed escape attempts. Obvious avoidance behavior -maneuvering by the prey to prevent a n attack -was not obserbed. When an attack was unsuccessful (no capture) it was scored as a n escape if the prey had responded and a predator error if a response could not b e seen.
Raw data, recorded as 0 for absence of an event and 1 for presence, were binomially distributed. Mean values were calculated for all observational variables after grouping data by 1 mm intervals of larva length. Such large sample means from a binomial distribution tend to b e normally distributed, thereby permitting the use of more rigorous statistical procedures. Results from all temperatures were combined because differences in the variables discussed here were not significant or were small with respect to changes with age (Fuiman unpubl.) .
Observational variables were related to larva length to identify age-related changes because both growth and development are more closely associated with length than with age (Gerking & Rausch 1979 , Fuiman & Webb 1988 . Growth curves (Fig. 1, Table 1 ) were established for larvae in the rearing tanks in each year by measuring individual total lengths in samples that were fixed in 4 U/o buffered formalin. Curves were fitted to growth data and observational data by least squares, nonlinear regression. For observational data, values in the regressions (means for larvae within 1 mm intervals of length) were weighted by the number of observations comprising each to minimize the influence of less reliable points. Regression statistics (S,.,, R~) and significance tests (F) were calculated from unweighted means.
Although results are discussed in terms of larva length, the reader should not construe this as meaning that observed changes are a function of larva size per se. Effects of developmental progress will also be present. Enclosures. Age-related changes in gross vulnerability were estimated by conducting experiments in 8 large enclosures (mesocosms). These experiments were performed at the field laboratoiy of the Department of Agriculture and Fisheries for Scotland, on Loch Ewe, near Poolewe in northwestern Scotland. The enclosures were suspended from a raft moored in Thurnaig Bay and were described in detail by Fuirnan & Gamble (1988) . Briefly, they enclosed 15.8 m3 of water, were 6.5 m deep, 2 m in diameter, and made of opaque black PVC sheeting (0.54 mm thick). The lower 1.5 m formed a cone terminating in a plugged 20 cm drain fitted with a 250 pm mesh bag. Light intensity in the enclosures ranged from 170 lux at the bottom to 7500 lux at the surface.
Four experiments (32 tiials) were conducted in 1987 (14 to 17 Apnl, 1 to 4 May, 30 May to 2 June, 9 to 10 September) where in each enclosure 400 larvae were exposed to a single predator for 8 h. Ancillary experiments using very young larvae for various durations and stochng densities showed that this combination provided sufficient predation to allow measurement of either a decrease or increase in predation rate as larvae grew. The first 3 periods represent experiments using larvae obtained and reared similarly to those used in the laboratory trials and averaging 11.4, 13.5, and 16.8 mm in total length (measured alive). Attempts to obtain a sufficient number of larger herring larvae (22 mm) for enclosure experiments failed because they were too delicate to tolerate transport. The September experiment used larvae reared from gametes taken from ripe adults collected on Aberdeen Bank, northeastern Scotland on 21 August 1987. These were treated similarly to the other larvae; details were given by Fuiman & Gamble (1988). These larvae averaged 8.9 mm during the experiment.
Predators were collected as 0-group herring in Dunstaffnage Bay, near Oban, in August 1986, transported to the field site 2 wk later, and kept for several months before use. They were fed pelleted salmon food throughout captivity except during the 2 d preceeding an experiment. Significant mortality ceased after 4 to 6 wk, presumably leaving those individuals that could cope with captivity and experimental conditions. During experiments, they averaged 15.3, 15.2, 16.0, and 18.1 cm in length, respectively.
During each experiment, water was pumped into each enclosure through a 40 pm mesh plankton net to exclude alternative prey for the predators. Four hundred larvae were added to each enclosure and allowed to acclimate and disperse overnight. One predator was added to each enclosure at 07:OO h on the next day. Use of a single predator was necessary to obtain repeatable results. Gamble & Fuiman (1987) found that when more than 1 herring was used, results were highly variable and difficult to interpret. Because herring normally feed in schools, their foraging behaviour and predation rate in these experiments were probably not normal. Nevertheless, relative changes in predation rate with larva length are indicative of the natural trend.
After 8 h a 1:4 mixture of Quinaldine (2-methylquinoline) and acetone was added to each enclosure by filling a nylon tube lowered to the bottom of the enclosure then lifting the tube out. The final Quinaldine concentration of 10 ppm was sufficient to anaesthetize the predators to terminate predation while each enclosure was lifted and its contents drained through the mesh bag at the bottom which was subsequently immersed in 5 O/O formalin to fix the larvae.
Mortality of larvae during transportation from the field laboratory to the enclosures was less than 1.7 %. Control trials, in which no predators were added, showed the counting and recovery methods to be 98.4 O/O accurate (Fuiman & Gamble 1988) . The 95 % confidence interval for control enclosures entended down to 387 larvae remaining. Therefore trials in which more than 386 larvae remained after an 8 h exposure to the predator were disregarded, since the possibility of abnormal predator behavior, due to effects of handling, could not be rejected. This resulted in an unbalanced number of enclosures among the experiments.
RESULTS

Laboratory
Growth rates for larvae in the rearing tanks were similar in 1986 and 1987 (Fig. 1) . The trends diverged after about 70 d, with 1986 fish being smaller than 1987 fish.
Trials conducted in 1986 began when larvae were 4 d posthatching and continued until they were 101 d old when there were insufficient larvae (due to experimentation) to continue. In 1987, trials began later (18 d posthatching) but continued through 118 d, resulting in offset ranges of lengths in the 2 yr ( Table 2) . If there had been no age-related effects on predation bouts the data in Table 2 would indicate that the observational variables were highly variable. However, age-related changes accounted for much of the variation.
Prey responsiveness
The proportion of larvae responding to an attack was surprisingly low for larvae less than 26 mm, usually less than 10 % (Fig. 2) . There was a small but statistically significant decline in response rate with larva length, up to 26 mm. However, the linear regression accounted for only 38 % of the variation in responsiveness up to that size (r = 0.614, n = 854). It is more reasonable to assume that the response rate remained constant during this period (at the mean of 6.2 %) and that the significant regression was an artifact of the decreasing rate of experimentation as larvae grew. The response rate of older larvae (> 26 mm) increased rapidly with length.
This change in response rate was almost certainly caused by the functional development of the auditory bullae, accessory hearing organs found in herring and other clupeoids (Blaxter et al. 1981) . The timing of the Age (days posthatching) Fig. 1 . Clupea harengus. Laboratory growth of herring larvae.
Mean total lengths (t 1 SE) are plotted for preserved larvae. nes the results of 2 trials, one with 11 larvae having gas in their bullae and one with 2 larvae lacking gas. The larvae lacking gas showed no responses in 3 attacks (1 predator error, 2 captures). The larvae with gas-filled bullae were highly responsive to attacks: responses in 68.1 % of 69 attacks (Fig. 2) .
Response effectiveness
The low response rate substantially reduced the data set to be used for determining the change in the ability of responding l a~a e to escape successfully. Generally, response effectiveness increased throughout development (Fig. 3) . By 32 mm, no responding larvae were caught by attacking predators. Length of Larvae ( m m ) Fig. 3 . Clupea harengus. Response effectiveness. Proportion of responding larvae (Fig. 2) 
Predator errors
Predators always struck at larvae they attacked; no attacks were aborted. Predators failed to catch nonresponding larvae more frequently as larvae became larger (Fig. 4) . The nature of these errors changed with larva length. Errors involving smaller larvae almost always left them in the location they occupied before the attack or moving in the turbulence created by the predator but without body movements of their own. Larger larvae were often seen in the predator's 'grasp' but with most of their body outside the predator's mouth. The predator's failure to swallow the larva after Table 1 contains equation for curve seizing it may have been the result of poor handling (an error) or wriggling free by the prey (a late, but successful escape). It was not possible to distinguish these alternatives after the predator had closed its jaws on the prey. Therefore, unless a n escape response was observed, the event was recorded as a predator error.
Probability of capture
The increases in responsiveness, response effectiveness, and predator error rate all contributed to a general decline in the probability that a n attacked larva was consumed (Pc), as larvae developed and grew. Capture probability averaged about 0.90 for smallest larvae, dropping slowly to 0.50 at 26 mm, and 0.10 near 30 mm (Fig. 5) . Although both escapes and predator errors contributed, errors dominated the outcome of predation bouts before gas appeared in the auditory bullae.
Length of Larvae ( m m ) Fig. 5 . Clupea harengus. Proportion of attacks in which a larva was caught. Data points are means (f 1 SE) for all larvae within 1 mm intervals of length. 
Enclosures
Gross vulnerability, as measured in the mesocosm experiments, contradicted the laboratory findings. In mesocosms, the number of larvae consumed by the predators in 8 h increased with length of the larvae (Fig. 6) . The rate of increase declined with larva length. Since the mesocosm results incorporate all components of vulnerability and the laboratory results measure only PC, the discrepancy indicates important age-related changes in PE or PA.
DISCUSSION
Age-related changes in vulnerability
Laboratory experiments demonstrated that evasive behavior of the larva a n d competence of the predaor affect capture probability. The increase in escape success of responding larvae over a wide range of lengths (Fig. 3) suggests that the enhancement of motor skills is important to predator evasion. But sensory development appears to constrain evasive behavior. The development of additional sensory capabilities after about 26 mm complements the well-developed motor sklls to reduce capture probability markedly at larger sizes (Fig. 5 ) . The apparent decline in predator competence probably results from the combined effects of the unwieldy nature of relatively large prey and late escape attempts.
In the context of the probability model for vulnerability, the equation for larvae caught (Table 1) provides estimates of capture probability, PC, for attacked herring larvae from hatching through 32 mm (most of the larval period]. Enclosure experiments measured the change in gross vulnerability, V, over a smaller range of lengths (hatching through 17 mm). Vulnerability Length o f Lawae (mrn) Fig. 7 Clupea harengus. Vulnerability excluding capture probability (= PE.P,%) and components of encounter probabfiity. (a) Data points represent mesocosm results (Fig. 6 ) divided by predicted capture probability (Table 1 ) (b) Lateral body area (mm2) was measured from video Images of preserved specimens by a n IBAS 2000 image-analysis system. Data for swimming speed (cm min-l) and activity (O'O of time) were taken from Blaxter & Staines (1971) and Ehrlich et al. (1976) . Table 1 contains equations for curves increased with larva length, despite a small decrease in capture probability over this period. Therefore, either or both of the remaining components of vulnerability, encounter probability (PE) and attack probability (PA), must have increased. The contribution of capture probability to vulnerability can be eliminated by dividing observed values of vulnerability by estimates of capture probability predicted by the equation in Table 1 . The result is the product of the probabilities of encounter and attack, and this shows an increasing trend that slows with increasing larva length (Fig. ?a) . What age-related changes might serve to increase encounter and attack probabilities? Encounter probability should increase with larva length through increases in both the routine swimming speed and conspicuousness (morphological and behavioral) of larvae. Herring larvae swim about 2.3 times as fast at 17 rnm as they do at 9 mm (Fig. 7b) . However, a mathematical model for encounter rate developed by Gerntsen & Stnckler (1977) suggests that when the speed of the prey is small relative to that of the predator, as it was in these experiments, even large increases in prey speed have only small effects on encounter rate. According to that model, the 2,3-fold increase in the speed of h e m n g larvae translates into only a 0,4 '10 increase in encounter rate at the mean predator foraging speed of 8.2 cm S-' measured during the final mesocosm experiment.' Thus, age-related changes in swimming speed of larvae probably accounted for very little of the 87 O/O increase between 9 and 17 mm in Fig. 7a .
Morphological conspicuousness is a very potent factor contributing to encounter probability (O'Brien 1979) and its importance to larval fish vulnerability was inferred by Folkvord & Hunter (1986) . It is measured as encounter radius in Gerritsen & Strickler's model, which predicts large changes in encounter rate from small changes in encounter radius. Changes in environmental conditions (Light intensity, turbidity, background color and texture) may render larvae more visible or less visible to predators (Vinyard & O'Brien 1976) but such factors do not explain the trend in Fig. 7a .
Herring larvae become more visible with age because they become larger, less transparent, and more pigmented. The change in lateral body area, exclusive of finfolds and fins, exemplifies the increase in visible size of herring larvae with age (Fig. 7b) . Lateral body area is only a guide to the nature of the change in visibility with age. In one sense, it overestimates the predator's visual experience since a predator will not always encounter a larva oriented perpendicular to its line of sight. On the other hand, lateral area does not include measures of opacity and pigmentation, which increase with age. Brownell (1985) found that cape anchovy larvae with pigmented eyes were detected more often by predatory fishes than only slightly smaller larvae that lacked retina1 pigment.
Behavioral changes also alter the conspicuousness of a larva. Most predators are more likely to react to moving prey (Ware 1973 , Zaret 1980 , Janssen 1982 . The proportion of time spent actively swimming increases with age during the larval period of most species of marine fishes (Hunter 1981) . For herring larvae, the increase in activity with age coincides with the increase in their vulnerability (Fig. 7) .
The characteristics that effect encounter probability (increasing conspicuousness and swimming speed) probably account for much of the observed increase in vulnerability of growing herring larvae. Changes in Pa may also be important but they are difficult to quantify. The ability of a larva to detect a nearby predator and maneuver away to avoid a n attack may increase with length. In addition, a predator's 'interest' in consuming a larva may change with larva length, as predicted by optimal foraging theory (tradeoff between increasing value of larger larvae and greater energetic expense to capture them).
' Predator foraging speed was measured from video recordings of indvidual predators in a black. 1.5 m circular tank located outdoors (see Fuiman & Gamble 1988 for details) However, it is unlikely that during the course of a n enclosure experiment predator motivation (hunger) decreased more when larger larvae were consumed. Hourston et al. (1981) found that juvenile herring fed ad libidum consumed herring larvae at a rate of more than 1 min-' even after 10 h of feeding. Given this voracity (supported by the present laboratory expenments and those of O'Brien 1979), satiation would not seem to be a concern.
If the factors affecting PE and PA for larvae between 9 and 17 mm continued along the same trends through 32 mm (as is the case for the factors shown in Fig. 7b ), vulnerability could be predicted as the product of the curves in Fig. 7a and Fig. 5 : a broadly dome-shaped curve with maximal vulnerability at lengths near 18 to 20 mm. Indeed, vulnerability in the mesocosms would have to have declined at larger sizes because Pc approached zero at 32 mm. At that point, predators could not catch the prey regardless of the encounter and attack rates.
Stimulus for an evasive response
In herring, responsiveness to attacking fishes increases sharply at the time when the auditory bullae fill with gas and lateral Line canals form. Most other sensory systems are functional long before h e m n g attain 26 mm. The observation that the few large larvae that lacked gas in the bullae a t 118 d posthatching failed to respond to attacks (Fig. 2) supports (albeit weakly) the importance of the bullae. However, since 6 % of larvae respond before bullae are functional, other sensory systems are capable of perceiving a predator and triggering an evasive response.
The startle response used by larvae in their evasive behavior probably involves the Mauthner neuron (Eaton & Hackett 1984) . This neuron has connections to the inner ear in fishes and other connections are suspected . Blaxter & Batty (1985) showed that herring larvae exhibit startle responses to mechanical acoustic stimuli only if the bullae contain gas. Recent experimentation suggests that free neuromasts may also trigger a startle response in fish larvae (Blaxter & Fuiman 1989) . In herring, it appears as though the stimulus that elicits a n evasive maneuver from a n attacking fish is primarily acoustic, received through the bullae, lateral line, and perhaps the free neuromasts.
Auditory bullae may not play such an important role in predator detection for other clupeoid larvae, at least at small sizes. In northern anchovy Engraulis mordax the bullae fill with gas by 12 mm (O'Connell 1981 ). Yet, 2 species of anchovies (E. mordax and E, capensis)
show a substantial increase in responsiveness with length a t less than 12 mm (Brownell 1985 , Folkvord & Hunter 1986 ). Northern anchovy and Pacific sardine Sardinops sagax larvae show increased responsiveness from the earliest posthatching stages with no obvious acceleration that might be due to bullae becoming functional (Butler & Pickett 1988) . Webb (1981) believed the evasive response of northern anchovy larvae is mediated by the eye. Folkvord & Hunter (1986) concurred and implicated the neuromasts. Both of these systems are at least partly functional before 26 mm in h e m n g and by 4 mm in anchovies (O'Connell 1981) .
Evolutionary considerations
The observation that herring larvae as small as 12 mm that respond to an attack have a greater than 50 O/O chance of surviving the encounter, whereas nonresponding, 12 mm larvae have an 11 % chance, suggests strong evolutionary pressure to develop an ability to respond to predators at smaller sizes. This could b e accomplished by earlier filling of the auditory bullae or early development of some other sensory capability. Anchovies and Pacific sardine appear to have done both, thereby reducing their risk of being caught when a fish attacks. Still, it is possible that there is little selection pressure for h e m n g to develop responsiveness early. That is, they may not experience much risk from predatory fishes in their natural offshore nursey grounds.
Two differences that may be worth note are: ( l ) herring were studied at colder temperatures (8 to 15 ' C ) than the anchovies and sardine (17 to 19 "C); and (2) eggs of Clupea harenqus are demersal but all other known marine clupeoid eggs are pelagic (Blaxter & Hunter 1982) . Temperature effects on responsiveness are not substantial. I did not find a n increase in responsiveness at smaller sizes when herring larvae were tested in warmer water (unpubl.). In terms of spawning locale, Blaxter & Hunter (1982) pointed out that the deposition of demersal, a d h e s~v e eggs allows larvae to be produced at a specific place and time so that they might coincide with predictable periods of favorable conditions for survival. Pelagic eggs in cold waters, having long incubation periods, may b e scattered more unpredictably during incubation. Perhaps the delayed responsiveness of herring is linked to this difference or some other characteristic of larvae from pelagic eggs.
Future research directions
To date, laboratory studies of age-related changes in evasive behavior of fish larvae have been confined to 4 clupeoids: Engraulis mordax (Webb 1981 , Folkvord & Hunter 1986 ), E. capensis (Brownell 1985) , Sardinops sagax (Butler & Pickett 1988) , and Clupea harengus (this paper). One study (Margulies unpubl.) examined a sea bass Atractoscion nobilis. Among the clupeoids (2 engraulids and 2 clupeids), only C. harenqus shows an obvious reliance on the auditory bullae for responding to a predator. Additonal studies of clupeoids, especially species closely related to Atlantic herring (such as Brevoortia tyrannus,) are needed. More studies of nonclupeoids are necessary to determine if general trends in age-related changes in vulnerability exist for large groups of fishes.
Although laboratory work is important for identifying the mechanisms of changing vulnerability, mesocosm experiments provide the more complete data on vulnerability. Without complimentary mesocosm studies, the logical but incorrect conclusion from the laboratory studies listed above is that vulnerability decreases throughout development. This trend is masked by more powerful influences not addressed in laboratory studies.
The work reported here describes changes in vulnerability to one species and size of predatory fish. As larvae become invulnerable to a particular size of predator, they remain vulnerable to larger fishes. In order to model age-related changes in the vulnerability of wild populations, the effects of predator species and size must be considered.
